Abstract: Viscous flow of polymer solutions is depicted as a combined totality of elementary acts of flow within the bounds of the thermodynamic Joule cycle. Intrinsic viscosity of polymer solutions is represented as an energetical function of intermolecular interactions rather than a measure of additional loss of energy due to the rotational and viscoelastic deformations of macromolecules in the flow. A new theoretical concept in the light of the thermodynamic cycle analogous to that of Joule is brought forward to describe the viscous flow of polymer solutions. The concept is represented as a sequence of elementary cyclic processes described by equations, which establish a relationship between solvation potentials (E) and thermodynamic parameters such as temperature and volume. Solvation potentials are identified with the value of maximal solvation work and allow evaluating the energy of the corresponding intermolecular interactions via E, individually of electrostatic (E a ) and covalent (E b1 , E b2 ) nature.
Introduction
Desired control of any chemical reaction is impossible without knowledge of the type of the previous intermolecular interactions (IMI) and their energy, which are the starting conditions determining the coordinates of the chemical reaction in view. The existing empirical approach to IMI quantitative studies is first of all based on conclusions obtained from the analysis of interactions in gases. To appraise these IMI quantitatively, various properties of gases are used, which serve as a sort of reference points for the estimation of the interactions of an isolated couple of particles. As the reference points mentioned one uses both equilibrium (partial pressure, molar volume, heat capacity, etc.) and non-equilibrium (viscosity, diffusion) properties, which are functionally connected to the energy (E) of the IMI. To evaluate IMI energy, virial coefficients of the gas state equation [1, 2] are often used pV = RT + B 2 /V + B 3 /V 2 +…
where RT = B 1 ; B 2 corresponds to the pair interactions, and the coefficients of higher degrees to the many-particle ones. The second virial coefficient [2] includes the value of the interaction potential E(r) of a couple of particles located at distance r:
B 2 = 2πN A ∫ (e -E(r)/kT -1)r 2 d
To describe the properties of gaseous and liquid systems, quite a number of empirical E(r) relationships are used, e.g., Lennard-Jones, Morse, Buckingham potentials and others [1] .
Many researchers describe the IMI in solutions using the physicochemical regularities of the interactions in gas systems. The energy of the IMI of several particles with each other is not an additive value of the energy of two-particle interactions, i.e., mathematical E(r) expressions rarely correlate with the properties of condensed systems due to the great complexity of many-particle interactions. Hence, the question of quantitative evaluation of the influence of media on the energy of the reactant-substrate interactions remains open since decades.
The issue of reactivity in chemical science is solved on the basis of the relationship between different properties or parameters of a system with its thermodynamic potentials. Just the Gibbs-Helmholtz energy in different processes allows us to evaluate unambiguously the reactivity of a substance in one or another medium. Determination of IMI contribution in ∆G values gives a real idea of the IMI influence on the reactivity. Values of E(r) of two-particle interactions add little to the evaluation of the reactivity because the nature of the relationship of E(r) with thermodynamic system functions is not clear. As long as the theory is not capable of predicting the value of ∆G satisfactorily, it may not be used to describe the multistage chemical and biological processes, where the IMI play the principal part [2].
Intermolecular interactions and viscous flow
On the basis of our studies of numerous polymer-solvent systems and some literature data we made an attempt to develop an approach to the quantitative evaluation of IMI in the process of polymer solution flow in terms of solvation potentials (E), which bear thermodynamic character and can be identified as potentials of electrostatic and covalent nature.
Viscosity as a macroscopic property of a liquid system is a generalised derivative of interaction forces of many particles in the microsystems (subsystems) that form the macrosystem under study. From this point of view the notion of viscosity is similar to that of temperature as an average measure of kinetic energy of all molecules in the system. In fact, the concept of temperature of one, two or more particles as well as the concept of viscosity of two or several interacting particles has no sense. In this case it is sensible to discuss only the force (or energy) of their integral interactions. In this paper we have treated the intrinsic viscosity of polymer solutions as an energetical function of intermolecular interactions rather than a measure of additional loss of energy due to the rotational and viscoelastic deformations of macromolecules in the flow. The view on viscosity as a measure of dissipation of energy brought out by Tanford [3] is alike.
Existing approaches to the study of viscosity (η) of polymer solutions first of all aim at obtaining the values of the intrinsic viscosity [η] from which it becomes possible to evaluate dimensions and shape of the macromolecules and their molar masses. The most widely used empirical η sp /с vs. c dependencies are linear equations of Huggins, Kraemer, Martin, Schulz-Blaschke et al. [4] containing constants, which are interpreted as a measure of affinity between polymer and solvent. The constants of linear extrapolation do not allow one to calculate the energy of solvation processes due to the absence of equations connecting these factors with physical and physicochemical parameters of the solvents.
An adequate analytical dependence of viscosity η as a function of polymer concentration, solvent parameters, and constants of the mathematical expressions permits one to disclose the relationship between viscosity and the types of IMI and their force. An empirical search for the function of reduced viscosity versus concentration c has led us to the equation
where a, b, and d are empirical factors [5] . To reveal the physicochemical nature of the factors, we have carried out a computer search for their analytical dependence on such solvent parameters as the dipole moment, density, dielectric permeability, specific volume, heat capacity etc. Only the following relationships turned out to be adequate:
where
… are constants, and µ, AN and DN are dipole moment, acceptor and donor numbers of the solvents [6] , respectively. In this model the IMI are considered to be a result of simultaneous work of electrostatic (Eq. (2)) and covalent (Eq. (3)) forces.
The coefficients a (i) and b (i) in Eqs. (2) and (3) describe any totality of physicochemical systems, which include some polymer and several solvents. They are easily computed and turned out to be as follows: It is important to note that the experimental magnitudes of intrinsic viscosity deviate from those received a priori by 5 -7%.
The empirical relationships of η sp /c vs. c include the members of Eq. (1), which describe the energy of attraction and repulsion of structural units of the system under study and are, in fact, potentials of the many-particle IMI similar to the above mentioned E(r) relationships (Lennard-Jones, Morse, Buckingham). Since the concept of viscosity η includes an average measure of the work both of attractive and repulsive forces, later we have included [7] a second exponential member in Eq. (1): Acceptor and donor numbers of solvents are very useful constants in the chemistry of coordination compounds because they correlate with other solvent parameters, such as thermodynamic (∆G or K eq ), kinetic (reaction rate), spectroscopic ones (chemical shifts of NMR signals and Reichardt parameters [6] ). They reveal themselves to be also useful in the quantitative evaluation of the IMI in polymer solutions [5, 7, 8] .
Thus, the empirical relationships (2) and (3) allow to evaluate the coefficients as parameters of weak forces generating interactions, the coefficients of Eq. (4) , we obtain 'purified' coefficients, which reflect the measure of the electrostatic and covalent interactions of the macromolecules under stationary conditions in the flow:
An equation connecting the a', b 1 ', and b 2 ' coefficients with Gibbs energy or with the thermodynamic parameters of the systems in view will permit to calculate the energy (potential) of solvation in the first approximation in the context of thermodynamics, where the polymer state of the matter is considered with regard to intrinsic viscosity only. Such an approach is justified since we have used macromolecules with small degree of polymerisation (480 -520).
A model of viscous flow in the light of Joule's thermodynamic cycle
For the purpose of physicochemical substantiation of the nature of the solvation potential E, let us envisage the phenomenological pattern of liquid flow. A directed displacement of a macromolecule segment occurs into a microscopic void (unconfined space). To create this void, it is necessary to apply a certain force to destruct the particles' interconnection and to move them apart at a certain distance. The energy necessary to destruct the intermolecular bonds and to create a microscopic void of a certain volume is well known as the activation energy of viscous flow.
Formation of a void in a liquid under the action of an external force may be compared to gas extension in a cylinder. The tendency of the gas to increase its entropy and volume is the reason of the force acting on the piston from inside. Only the balancing action of the external force (external pressure) maintains the gas volume to be constant, other conditions being the same. The force preventing the liquid volume to extend arises in the process of the IMI, which reveal themselves in the work of attractive and repulsive forces. This concept of the process of viscous flow allows us to draw an analogy between the processes in gases and liquids and write down the following expressions:
The right parts of Eq. (6) are equal to the extension work of the microsystem followed by void formation, the members of the left part containing the following sense: V is a microscopic volume determined by the dimensions of structural units and the radii of their IMI; P is the energetical function of electrostatic (P el ) and covalent (P cov1 , P cov2 ) IMI, respectively. Indices 1 and 2 correspond to attractive and repulsive forces, respectively.
The mechanical impulse received by the segments of macromolecules in a flow during their movement is the external force capable of changing the unconfined space of the solution during the flow and of converting the system into a new state. The amount of work to be spent to overcome the forces of intermolecular bonding is equal to the solvation potential:
where E a , E b1 and E b2 are solvation potentials of the corresponding nature necessary to do the work of overcoming the forces of integral many-particle bonding resulting in unconfined space formation (∆G a , ∆G b1 and ∆G b2 E i in refs. [5, 7, 8] ). Numerical values of E i (Eq. (7)) correspond to the integral of the energy of intermolecular attraction and repulsion of electrostatic (a) and covalent (b 1 and b 2 ) forces.
To understand the nature of solvation potentials E a , E b1 and E b2 , let us envisage the mechanism of a viscous flow as a sequence of elementary flow acts under stationary conditions (Fig. 1a) . For this purpose we shall isolate speculatively an elementary microscopic volume or a subsystem (1 in Fig. 1a ) containing a final number of structural units of a liquid phase (segments of macromolecules, solvent molecules and their associates) within the macroscopic volume of the liquid located in the viscometer capillary. In accordance with the modern ideas of liquid structure, the macroscopic volume consists of the own volume of the molecules and of an unconfined space (all sorts of voids). The initial subsystem at T = const (the thermostat temperature) possesses an unconfined space V. To determine the work of viscous flow, we shall use Eq. (6) as the basis for quantitative description of the subsystem. At the initial moment the subsystem is characterised by some definite V and T values. In the viscometer capillary, structural units in every subsystem receive motion impulses in the field of gravitation that result in the increase of the kinetic energy of the structural units: the temperature rises from T to T 1 (1→2, Fig. 1a) . The unconfined space has not changed yet. This stage of elementary flow act corresponds to the increase in the subsystem energy at V = const. The work performed by the subsystem with heat capacity C v is zero; only heat transfer occurs ( Fig. 1) :
Once one of the particles possessing greater energy than the rest has got over the potential barrier, its displacement into the unconfined space of the neighbouring subsystem occurs in the direction of the impulse vector (2→3). This stage corresponds to the isothermal expansion of the subsystem accompanied by an increase in its unconfined space from V to V 1 , its work being equal to
The third stage of the elementary flow act (3 → 4) consists in cooling down of the subsystem to the value T at the constant volume V 1 (isochoric heat transfer into the environment)
The fourth stage of particle displacement to a vacant place (4 → 1) results in the initial volume V (isothermal compression):
The maximal work of the system during the whole cycle (in classical thermodynamics this cycle is known as the Joule cycle) is equal to the sum of A 23 and A 41 or to the area of the 1234 cycle (Fig. 1b ) Since the physicochemical nature of the cycle (Fig. 1a) consists in the work of the IMI forces of electrostatic and covalent nature, the value of the solvation work under viscous flow may be calculated using Eqs. (6) and (7). By identifying A with the solvation potential E of the corresponding nature (electrostatic and covalent), we shall write down
The IMI forces in solutions doing the solvation work are represented by two antagonistic components, i.e., by those of attraction and repulsion. In this connection let us envisage two hypothetic extreme examples.
Example 1: The work in the system is done only by repulsive forces. So, during the transfer of the motion impulse the particles repulse each other, and the curve of isothermal expansion 2 → 3 (Fig. 1b) goes to the region of infinite volume.
Example 2: When only attractive forces do the work in the system, the particles approach to each other, the unconfined space diminishes, and the system does a negative work (A max < 0 because V 1 < V). In this case the curve of isothermal compression 4 → 1 goes to the region of infinite P values.
In real liquids the actions of attractive and repulsive forces of interacting particles occur simultaneously, a stationary state with the minimum energy proportional to E i is established as a result. Combining Eqs. (8) and (9), we obtain a relationship between the coefficients of Eq. (4) and the thermodynamic parameters of the subsystem (T and V):
As seen from Eqs. (5) and (10), the dimensionless factors a', b 1 ', and b 2 ' and the solvation potentials E a , E b1 and E b2 (Eq. (7)) may be regarded as simple temperaturevolume dependencies during an elementary flow act (1→ 2 → 3 → 4 in Fig. 1) . Hence, if the temperature of the subsystem corresponds to the temperature at which a spontaneous leap of a particle to a vacant place is possible or an unconfined space has a value when the leap of a particle may occur without an additional energy input into the system, the value of any potential E i → 0 (i.e., T 1 ≈ T or V 1 ≈ V). Vice versa, great ∆T and ∆V values assume a necessity to perform a greater amount of work and, correspondingly, lead to greater E i values.
Hence, Eqs. (9) and (10) are in agreement with the statement of the Frenkel-Eyring theory of viscous liquid flow, which proclaims that the smaller the unconfined space (V), the greater the energy of 'hole' (V 1 ) formation.
Experimental verification of the model
To illustrate the model experimentally, the results of the computer processing of some concentration dependencies of η sp /c (from more than 100 measured ones) are represented in this paper. But first of all we shall try to elucidate the very nature of E a , E b1 and E b2 as the empirical potentials of solvation. Let there be a system consisting of two particles, which are located at an infinitely far distance from each other (r → ∞).
There are no forces acting between them, and ΣE i = 0. On approaching (or increase of concentration), when the particles are at some distance from each other, there appears the electrostatic interaction being the most far-distant one. It means that E a is not equal to zero anymore; E b1 and E b2 are still equal to zero. In this case the electrostatic interaction makes the principal contribution to the work of attractive forces (a < 0). Due to the action of these forces the distance between the particles diminishes to a certain equilibrium distance r 0 when the attractive and repulsive forces of electrostatic nature are equal. But at r 0 distance a new interaction springs up, which is conditioned now by the chemical nature of the particles (E b1 ≠ 0 and E b2 ≠ 0). It may be an interaction of the electron donor -electron acceptor type. This interaction, starting from the distance r 0 , performs a new type of work due to attractive forces and brings the particles to another equilibrium distance r 0 ' (r 0 ' < r 0 ). It should be noted that the chemical nature of the particles might lead not only to attraction but to repulsion as well. It is rather obvious that now the electrostatic interaction reveals itself only in the work of repulsive forces at distances shorter than r 0 ' (a > 0).
Fig. 2. Concentration relationships of reduced viscosity of PS (a) and PVC (b)
solutions in dioxane and PVC in DMF (c). Curve numbers correspond to the numbers of the equations used to process the experimental data As a result of the processing of our findings and of literature studies, we have found that the values of E i potentials are within 0 ≤ E i  ≤ 40 kJ/mol. Attention is drawn to the fact that for all systems the potentials E a > 0, and E b1 < 0, E b2 being as a rule > 0 and often E b2  → 0. In addition, independently of the nature of the solvent and of the polymer, the changes of E a and E b1 occur antibatically: an increase in one constituent is accompanied by a decrease in another one and vice versa. Thus, the potentials E a > 0 and E b2 > 0 correspond to the work of repulsive forces of electrostatic and covalent nature, respectively, and E b1 < 0 to the work of attractive forces of covalent nature: donor-acceptor, acid-base, nucleophilic-electrophilic and other types of interactions as accepted in chemistry of organic and polymer compounds. It is worth noting that this interpretation of solvation potentials may be applied only to process the viscometric measurements.
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The above approach to the quantitative evaluation of solvation in terms of E i was used for the thermodynamic description of solvation processes of macromolecules of polystyrene (PS), poly(vinyl chloride) (PVC), poly(styrene-co-maleic anhydride) (ST-MA) and poly(vinyl chloride-co-maleic anhydride) (VC-MA) in two solvents, which differ in µ, DN and AN, viz. in dimethylformamide (DMF) (3.8; 0.69; 1.69) and in 1,4-dioxane (0.45; 0.38; 10.8), respectively [6] . Experimental η sp /c vs. c relationships (Fig. 2) were processed via non-linear extrapolation [5] (NLEM) using Eqs.
(1) and (4). For comparison, their processing was also carried out using Huggins equation
As seen from Tab. 1, [η] values of PVC, PS, ST-MA and VC-MA solutions in dioxane obtained from Eqs. (1), (4) and (11) The values of k' of ST-MA solutions in dioxane and DMF practically coincide (Tab. 2), which testifies their equal thermodynamic quality. This conclusion based on the comparison of k' values of these two systems is most likely to be an artefact. The differences in E values of ST-MA solutions in dioxane and DMF (Tab. 2) may be explained within the model suggested. In addition, k' may acquire values that cannot be interpreted. Thus, PVC solution in DMF is characterised by a value of k' < 0. Hence, solvation potentials reflect the solvation of electrostatic (E a ) and covalent (E b1 and E b2 ) nature quantitatively (Tab. 2), e.g., the solvation potential of PVC macromolecules in dioxane medium E b1 = -13.5 kJ/mol (E < 0, i.e., the work of attractive forces), and the reversibility of the solvation process is reached by means of the work of electrostatic repulsive forces (E a = 15.9 kJ/mol).
We have processed the concentration vs. η sp /c dependencies via NLEM of a series of water-ethanol solutions of poly(methacrylic acid) (PMA) in the presence of HCl using literature data [9] . The values of [η] calculated in ref. [9] and by us using Eqs. (11), (1) and (4) practically coincide in many systems, the discrepancy for some systems being no more than 6%. On the basis of the isotherm of [η] versus the composition of the solvent, ref. [9] made conclusions concerning the kind of the polymer-solvent (P…S) IMI. The authors explain the dependence of the intrinsic viscosity isotherm on the binary solvent composition (H 2 O:C 2 H 5 OH = S 1 :S 2 ) by the action of both covalent P...S and S 1 …S 2 interactions of the binary water-ethanol solvent.
Tab. 2. Solvation potentials E and Huggins constants (k') of polymer solutions in dioxane and dimethylformamide The experimental data given in ref. [9] permitted us to analyse the solvation of PMA with ethanol content (X et ) in the systems X et = 0 to X et = 0.4 and at X et = 0.7 mol-% within the frame of our model. Thus, on increasing the ethanol amount in the binary solvent from 0 to 0.2 mol-% a decrease in E a , E b1  and E b2 potentials is observed, which evidences characteristic dynamics of the solvation process. Exception of one point at X et ≈ 0.1 is observed. At this point a 'splash' effect occurs. It is interesting to note that this is the point where both covalent forces (repulsive and attractive) approximately equal each other and the electrostatic ones reduce themselves to zero: E b1 = -6.4 kJ/mol; E b2 = 8.1 kJ/mol and E a → 0 kJ/mol This 'splash' may somehow be connected with a transfiguration of the water framework containing voids [10] itself, which are filled with C 2 H 5 OH molecules.
Hence, a viscous flow of polymer solutions is represented in this work as a sum of elementary flow acts, an elementary flow act being envisaged from the point of view of the thermodynamic cycle: two isochoric processes of heat transfer and two isothermal processes of volume change. The work of the system determined from this cycle connects solvation potentials with the temperature and unconfined space of the system. The mathematical apparatus of interpretation of concentration dependencies of specific viscosity as a function of the IMI of macromolecules in solutions has been developed and substantiated. An equation with two exponents for the non-linear extrapolation of reduced viscosity allows evaluating separately solvation potentials of electrostatic and covalent nature as well as to designate the starting conditions of the chemical reactions of macromolecules.
Conclusion
As it follows from the above material, the approach to the quantitative evaluation of the IMI in the terms of solvation potentials may become useful to describe starting conditions determining the coordinates of any organic reaction of macromolecules. In the simplest case an organic reaction consists of two processes: approach and mutual orientation of the partners and rearrangement of their external electrons. The reaction occurs readily when a new bonding orbital is formed at maximum overlapping, which occurs only under conditions of the directed partner approach by the IMI forces. This situation takes place when the dipole axes coincide with the main direction of the polarization of both reaction partners. In homogeneous solutions the solvent plays the main role in this process. Bulky segments of macromolecules do not have time to adapt themselves for quickly changing dipoles of the light solvent molecules and they keep the same orientation that they possess in the main state. The excitation of the solvent molecules by an electromagnetic field (by London forces) is similar to the excitation of the molecules by the electromagnetic field of the light. Hence, the Frank-Condon principle may be applied also to describe the starting reaction conditions in solutions. In this case it is called the principle of the least motion [11] . Only the molecules occupying the mutual reaction-favourable orientation in the field of directed forces (solvation potentials) enter a desired chemical reaction.
At present we are preparing to publish the results of viscosity isotherm studies in the medium of an isomolar series of binary solvents, as well as the results of the temperature dependence of solvation potentials of macromolecules in the medium of several individual solvents. The relationships obtained are well explained within the frame of the model suggested.
Experimental part
To check the model experimentally, we synthesized a series of polymer samples. Poly(vinyl chloride) and polystyrene were synthesized using the ordinary procedure [12] . Copolymerisation of maleic anhydride and styrene was carried out in dichloroethane at 65°C for 24 h at the mole ratio of comonomers in the initial mixture of 1:1 and overall concentration in solution of 7.5 mass-%. The copolymerisation of maleic anhydride with vinyl chloride was carried out as described earlier [13] . Dimethylformamide (DMF) and dioxane were purified using the known procedure [14] . Polymer samples with polymerisation degree of 480 -520 were used. The viscosity of the polymer solution was measured using an Ubbelohde viscometer with pending level at 25°C within the concentration range of 0.03 -0.008 g/mL. More than 100 polymersolvent systems taking into account the isomolar series of binary solvents have been studied. The experimental points on the curves were obtained from no less than 3 measurements. Borrowed concentration dependencies [9] of η sp /c were also subjected to computer processing by NLEM [5, 8] . The approximation of experimental dependencies of reduced viscosity versus polymer concentration was carried out using McCormick's method. [2] Hobza, P.; Zahradnik, R.; "Intermolecular Complexes", Academia, Prague 1988.
